The maintenance of a plasmid vector-host system that selects for bacteria carrying the plasmid without the need for antibiotics is described. In this system, the bacteriophage 434 repressor gene cloned on the plasmid protects the host from lysis by a K imm4M cI-prophage. Cells that occasionally lose the plasmid are killed by prophage induction and therefore do not accumulate in the growing culture. The presence of the phage 434 repressor in the cells does not interfere with the process of k repressor inactivation and the high-level production of bovine growth hormone.
A central aspect of applied genetic engineering is the insertion of foreign genes derived from various sources into plasmid vectors for expression in Escherichia coli. Efficient transcription and translation of the cloned genes are obtained by attaching them to a strong promoter and an appropriate ribosome-binding site (reviewed in references 18 and 21).
Plasmid maintenance is a major concern in large-scale production of proteins from cells carrying recombinant plasmids. High-copy-number cloning vectors, such as pBR322, are unstable and are lost from the culture at a considerable rate under nonselective growth conditions (7, 9, 14, 16) . The elegant studies of Summers and Sherratt (22) have shown that multimerization is a major cause of plasmid instability. A cis-acting determinant, cer, that is present in plasmid ColEl and absent in the smaller cloning vector derivatives allows for efficient resolution of the multimers to monomers.
The most widely used method for maintenance of recombinant plasmids involves the continuous exposure of the culture to antibiotics. However, antibiotics are rapidly degraded by the products of the antibiotic resistance determinants carried on the plasmid; e.g., ampicillin is degraded by P-lactamase. In addition, environmental considerations prevent the disposal of spent media containing antibiotics.
Another method used to impose plasmid retention involves the use of a gene cloned on the plasmid, which is mutated in the bacterial chromosome and is required for bacterial growth. Thus, cells that lose the plasmid cannot grow and do not accumulate in the culture (20) . It has also been shown that under conditions in which the plasmid pBR322 is highly unstable, addition of the partition locus par of plasmid P1 can effectively improve the retention of the plasmid vector (1) .
A novel approach to plasmid maintenance was recently described by Rosteck and Hershberger (19 phage. Although this system is effective for certain plasmid constructs, it is not applicable for expression systems that use the inducible A PL promoter and the A cI ts857 repressor (3, 17) . Repressor inactivation, which is essential for expression, will concomitantly induce lytic phage development, thus interfering with the high production of the desired protein product.
We have developed an efficient stabilization system which prevents the accumulation of cells cured of their plasmid and which is compatible with the high-level production of proteins expressed from genes controlled by the A PL promoter. The rationale of the stabilization-expression system is diagrammed in Fig. 1 . It is based on the principle that within the cell, heterologous lambdoid repressors act independently. A DNA fragment containing the wild-type repressor gene of phage 434 with its own promoter is cloned into the PLcontaining expression vector. The plasmid is maintained in an E. coli strain that carries the cI ts857 thermolabile X repressor which controls the X PL promoter on the plasmid.
A hybrid phage, X imm434 (10), carrying the immunity region of phage 434 and defective in its repressor, A imm434 cI-, is then introduced into the cells, and stable lysogens are isolated. Cells that spontaneously lose the vector plasmid become devoid of the 434 repressor and are killed by the induced X imm434 cl-prophage. The cell culture can thus be maintained in the absence of antibiotics without the accumulation of cells that have lost the plasmid. Moreover, in cultures containing these determinants, the X imm434 cIprophage remains repressed during the heat induction process needed for the activation of the A PL promoter.
The wild-type 434 repressor gene (6, 13) was introduced by standard methods (12 (11) under the control of the A PL promoter, and the Ti and T2 transcription terminators (2) . It also contains the wild-type phage 434 repressor gene with its promoter, and the ampicillin resistance gene. The bacterial chromosome harbors two prophages: the cryptic cI ts857ABamHlAHI, which supplies the cI ts repressor, and the imm434 cI3003 mini-TnIO. The X cI ts repressor, expressed from the bacterial chromosome, regulates the A PL promoters; the 434 cI+ repressor, expressed from the plasmid, represses the X imm434 c13003 mini-TnlO prophage and thereby protects the host from prophage induction.
an expression plasmid derived from pBR322 that carries the cDNA gene coding for bovine growth hormone (bGH) (11) under the control of the A PL promoter and can direct the synthesis of large amounts of bGH (Fig. 2, lane B) . The ligation mixture was used to transform strain A1645, a C600 derivative, which carries a defective X prophage (X cI ts857 ABamHIAHI) (8) . The resulting plasmids, pHG50 and pHG51, carry the 434 repressor gene in the clockwise and counterclockwise orientations, respectively (Fig. 1) .
As the lysogenic phage we chose the repressor-defective phage A imm434 c13003. To simplify the identification of the lysogenic cells, we inserted a tetracycline resistance marker (Tcr) into the phage by passaging the phage through a strain that can transpose a cryptic mini-TnJOAJ6A17, carrying the Tcr gene (4) . Phage from a clear plaque capable of transducing the Tcr marker, A imm434 c13003 mini-TnOAJ6AJ17 (A969), was purified.
In the lysogenization process, bacteriophage A integrates at a specific site on the bacterial chromosome. This process is catalyzed by integrase, which is a function encoded by the phage int gene (5) . The bacterial strain A1645, which carries the defective prophage A cI ts857ABamHIAHI, retains an effective prophage attachment site called attL. This site is available for the integration of the A imm434 phage.
The integration of the Tcr transducing phage into cells carrying pHG50 or pHG51 may be complicated by the presence of the 434 repressor on the plasmid. Repression of the infecting phage will prevent its integrase gene expression. We used two alternative procedures to construct lysogenic hosts. In the first procedure, strain A1645 was transformed by plasmid pHG50 and simultaneously infected with phage A imm434 c13003 mini-TnJO. Under these conditions integrase synthesis can take place before repression is established. In the second procedure, A1645 cells carrying plasmid pHG50 or pHG51 were infected with the phage. Under these conditions lysogenization is established by phages that escape repression. The presence of the Tcr marker on the infecting phage facilitated the isolation of the desired lysogens, although the frequency of lysogenization was low. In the two procedures the infected cells were spread on plates containing both ampicillin and tetracycline and incubated at 30°C. Several colonies isolated from each procedure were analyzed for expression of bGH and plasmid stability.
The introduction of the 434 repressor gene and the presence of the X imm434 c13003 mini-TnJO prophage do not interfere with the heat induction process. High levels of bGH were produced upon transfer of the cells to 42°C (Fig. 2,  lanes E to H) . The insertion of the 434 repressor gene in the counterclockwise orientation (pHG51) caused a slight reduction in the amount of bGH produced (data not shown).
To test for plasmid stability, we propagated a single colony for about 90 generations in the absence of antibiotics. The cells were then diluted and plated on LB plates containing no antibiotics, and individual colonies were checked for their ability to grow in the presence of 50 jig of ampicillin per 1l. In the control cultures, 20% of the cells lost their plasmid, whereas in strains containing the X imm434 c13003 mini-TnlO prophage, no ampicillin-sensitive colonies were found (Table 1) . Direct plating in the presence or absence of ampicillin gave similar results.
The prolonged growth in antibiotic-free medium had a dramatic effect on the level of bGH produced by the control strain (A3125). Expression of bGH was reduced from 24% of the total cell proteins expressed in the presence of ampicillin selection to about 8% expressed after growth in nonselective medium (determined by densitometric scan of the gel in Fig. <1.0 " All strains are derivatives of A1645, which is a C600 r-m+ strain carrying the A cI ts857 ABamHIAHI defective prophage (8) (our collection). A3125, A3108, and A3112, are A1645 cells containing plasmids pHG44, pHG50, and pHG51, respectively. Strains A3109 and A3113 are A1645 cells harboring pHG50 and pHG51, respectively, and containing the X imm434 cH3003 miniTnlO lysogen.
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b A single colony of each strain was propagated in LB medium (12) containing no antibiotics for about 90 generation by successive dilutions of overnight culture. The percentage of ampicillin-sensitive cells was determined either by parallel plating on LB plates lacking or containing 50 jig of ampicillin per ml or by picking colonies grown on LB plates and testing their growth on ampicillin-containing plates. No difference in growth rate was observed among the various strains.
2, lanes B to D)
. This 60% drop in bGH expression is greater than the value expected from the presence of cells devoid of plasmid (Table 1) . This discrepancy probably occurs because during the induction step plasmid-containing cells ceased to grow, while plasmid-free cells continued to multiply rapidly, thereby increasing their relative proportion in the culture. In contrast to the control strain, bGH production in cells carrying the stabilization system remained constant after 90 generations of growth in nonselective medium (Fig.  2, lanes F to H) .
In conclusion, our results demonstrate that this is an effective system for plasmid stabilization that can be used in conjunction with the inducible lambda PL promoter.
